A future scanning/transmission electron microscope is proposed to be a comprehensive machine that is capable of providing picoseconds timeresolved information at sub-nanometer scale and even at picometer scale, spatial resolution. At the same time, physical and chemical properties can be measured in situ from a region as small as a few nanometers by introducing local electric, mechanical, thermal, magnetic and/or optical stimulations/excitations under vacuum or even in a quasi-ambient environment. It is anticipated that nanoscopy and picoscopy will be key tools for studying picoscale science and developing nanoscale technology related to materials science, biology, physics and chemistry.
Introduction
The discovery and development of X-ray-based technology is one of the most important inventions in human history, which has a tremendous impact on numerous fields such as material science, physics, biology and medicine. In parallel to X-ray diffraction and imaging, electron beam based science and technology is being developed as the most powerful tool for exploring picometer and picosecond scale phenomena. The traditional electron microscopy is being replaced by nanoscopy and even picoscopy to reflect the resolution provided by electron beam technologies. The future developments of electron microscopy are likely to be in the directions of super high image and probe resolution, picosecond time-resolved phenomena, in situ nanoscale physical property measurements and environmental stimulated chemical and surface processes.
The impact of electron microscopy has largely been expanded especially since the kick off of the nanotechnology initiatives in 2000. By combining the powerful imaging and diffraction techniques with the in situ measurements, electron microscopy has played a key role in nanomechanics, nanoelectronics and nanomaterials. By introducing the environmental transmission electron microscopy (TEM), it is feasible to directly real-time image the chemical processes occurring at sample surfaces under realistic practical environment under which the samples will be used in practical applications. The objective of this paper is to give a summary of the techniques being developed relevant to TEM in presenting its possible prospects of studying picoscale science and nanoscale engineering.
Picometer imaging, diffraction and spectroscopy
The original idea of developing electron microscopy in 1928 was to directly image an object in order to provide a resolution better than that of optical microscopy. Direct imaging of dislocations in thin metal foils in the 1950-1960s provided direct evidence about the mechanisms proposed for creeping and fatigue in metals [1] . The development of highresolution lattice imaging in 1960-1980s with an image resolution of 0.2 nm has been a key tool in studying the structure of modern materials [2] [3] [4] . At the same time, the corresponding development of analytical tools, such as energy-dispersive X-ray spectroscopy (EDS) [5] and electron energy-loss spectroscopy (EELS) [6] , provides powerful analytical tools for revealing the chemical and electronic structures of materials.
The image resolution in a transmission electron microscope (TEM) was limited by the presence of spherical aberration, but this barrier has been broken with the development of the C s -corrected TEM, with the possibility of providing an image resolution below 0.1 nm [7, 8] . The feasibility of achieving picometer resolution makes it possible to directly image light elements in inorganic materials [9, 10] , polarization in ferroelectric thin films [11], structures of nanoparticles [12] and surface single-atom imaging [13] .
A high-resolution TEM image is formed by the coherently scattered electron beams, is largely dominated by phase contrast and is less sensitive to the atomic number. With the increase in the aperture size for acquiring high-resolution information, the contribution made by phonon-scattered electrons in the TEM image becomes very significant and unavoidable [14] [15] [16] [17] [18] , but the image formed by phonon-scattered or thermal diffuse scattered electrons is not included in the simulation of traditional multislice theory [19] , resulting in a large difference in image contract between the experimentally received images and the simulated ones. In such a case, new theories including phonon-scattered electrons in the image simulation are required for quantitative structure analysis [15, [20] [21] [22] . But such commercial software is still unavailable.
The well-established theories for electron diffraction and imaging are the Bloch wave theory and multislice theory. With the improvement in precision and resolution of information provided by today's microscopy, it is mandatory to explore new theoretical approaches for image simulations by including inelastic scattering [23] [24] [25] . Although an energy filter can be applied in data acquisition to filter away the contribution made by plasmon and single-electron excitations, phonon-scattered electrons are still present in images and diffraction patterns except in off-axis holograms [26, 27] . The inclusion of a Debye-Waller factor in the scattering factor takes care of only the absorption effect to the elastic wave and does not include the contribution made by the phonon-scattered electrons to the image! The development of scanning transmission electron microscopy (STEM) starting from the 1970s has been a major thrust for exploring new imaging tools [28, 29] . In complementary to the powerful bright-field imaging in TEM, the dark-field imaging in STEM has made it unique in a number of important applications, such as chemical imaging, single-atom imaging and structure at grain boundaries [30, 31] , by taking the advantage provided by the fine probe of <0.2 nm. The high-angle annular dark-field (HAADF) STEM imaging takes the advantages of the high-angle scattered electrons as a result of highly localized phonon scattering process for forming the image [32] , so that the image contrast is directly related to the projected atomic number in the atom column [33] .
The HAADF STEM imaging takes the advantages offered by the phonon-scattered electrons so that it carries the characteristics of partial coherent imaging. This is the case for a perfect crystal structure. For the case of grain boundary where nonperiodic or 'disorder' structure is present, diffuse scattering at a high angle can be generated by local structural distortion or strain [34] , which is the Huang scattering. Therefore, the local image contrast may be slightly different from the expected result and may not be directly related to the projected atomic number as simple as it appears especially with the presence of a strong diffraction effect. One has to be cautious in image interpretation. In general, although the image interpretation for HAADF STEM is relatively straightforward, image simulation including a dynamic effect is needed in some cases for quantitative structure analysis.
In parallel to super-high-resolution imaging, spectroscopy with an energy resolution of a few meV is being developed, which will be powerful enough to resolve phonon spectra, to fully investigate the solid-state structure in a capacity comparable to synchrotron radiation. The high-energy resolution is achieved by using an energy filter while preserving the intensity of the incident electron beam.
Picosecond imaging, diffraction and spectroscopy
The traditional electron microscopy relies on a 'static' image so that the information provided is a time-averaged structure of a dynamic configuration within a few ms at the most. It is generally believed that 'one picture is equivalent to thousands of words', and by the same token, 'one movie is equivalent to thousands pictures'. Developing timeresolved microscopy is equivalent to revealing a physical process by a video at a time resolution of picoseconds. By using pulse laser-excited electron emission process at a tip, the duration and interval between electrons 'packet' can be precisely controlled by the laser pulses [35, 36] .
A revolutionary development by Prof A. Zewail's group is the four-dimensional electron microscopy by imaging in space and time. The main idea is to split a femtosecond laser beam into two: one is directed to the electron gun for generating the incident electron packet, which serves as a 'shutter' for capturing the dynamic process; the other beam, with a controlled delay in time, is directed to excite the sample [1] . By controlling the delay time Δt between the excitation of the event in the specimen and the exposure of the sample to the electron packet/pulse for imaging, an instantaneous structure of the sample at Δt is captured. Structural dynamics of ZnO nanowire arrays were obtained from the diffraction frames at different delay times after the optical excitation [37] . The nanowires grow along the c-axis with a uniform geometry. The corresponding electron diffraction was taken at a specific time after the laser excitation. The intensity decrease and the vertical spot movement for each Bragg spot were evident in the diffraction. All of the diffraction spots move downward at early times and recover the original positions at longer times. Typical behavior is shown for the (006) Bragg spot: whereas the intensity and vertical width are very similar in behavior and nearly recover (Fig. 1a) in only 200 ps, the rise in expansion along the c-axis is delayed by 15 ps and decays on a much longer time scale, reaching completion in about 1 ns. The fluence dependence of the expansion, intensity and width indicates the role of the (electron-hole) carriers. The maximum c-axis expansion is plotted as a function of fluence (Fig. 1b) . The energy of the exciting photon is less than half of the energy gap of ZnO (3.37 eV). Thus, the carriers are generated in the ZnO nanowires by energetically allowed three-photon excitation and/or by enhanced twophoton absorption. A single-photon absorption can excite phonons in the lattice. The transient status of structural changes has been captured [38] . The four-dimensional electron microscopy will be a major direction in electron microscopy science and Fig. 1 . Structural dynamics revealed by time-resolved electron microscopy. Changes of the c-axis expansion, diffraction intensity and vertical width of the (006) Bragg spot of ZnO nanowire arrays with time after being excited by a laser beam (with energy smaller than the bandgap of ZnO) at t = 0. (a) The intensity decrease (blue dots) and width increase (green dots) behave similarly and precede the buildup of structural expansion (red dots). In 200 ps the former two diffraction features almost recover the original values, whereas the decay of expansion appears on a longer time (ns) scale. (b) A significantly larger c-axis expansion was obtained at higher excitation fluences. The fitted slope in the log-log plot (inset) indicates that the maximum expansion is proportional to the fluence to the power of 2.5. All solid lines are fits to the data [37] .
it will impact the fundamentals in physics, chemistry and biology.
Nanoscale in situ measurements
Seeing is believing! In situ TEM is a direct approach for simultaneously revealing the structure and the corresponding physical/chemical process as it is occurring. The traditional in situ TEM is about a temperature driven structural changing process, such as phase transformation, crystal growth, mass diffusion [39] and surface reaction [40] . In situ TEM has largely been expanded to the area of physical The electron source is a picosecond time-resolved beam that can reveal dynamic processes at ps time resolution, which is excited and controlled by a femtosecond laser beam. The microscope is equipped with C s and C c correctors for generating 'aberration-free' electron imaging and fine probe at picometer-scale. The microscope is equipped with an energy filter that is capable of providing a high brightness electron beam with an energy resolution of a few meV for a high-resolution EELS study. Furthermore, a set of comprehensive specimen holders are available for studying the electrical, mechanical, magnetic, temperature and even phonon excited physical processes in the sample. An environmental specimen chamber is possible for studying chemical and surface processes at ambient conditions under which the sample will be used in practice. Furthermore, structural information is revealed by quantitative electron imaging, diffraction and holography. Chemical and electronic structure information is provided by energy-dispersive X-ray spectroscopy (EDS) and high-resolution electron energy-loss spectroscopy (EELS).
property measurement following the first demonstration of mechanical property measurement of a single-carbon nanotube in 1999 [41, 42] . TEM is now a comprehensive machine for nanoscale measurements with the possibility of introducing mechanical, electrical, magnetic, photonic and/or thermal stimulations (Fig. 2) . In conjunction with the atomic-resolution imaging capability, in situ TEM is a powerful tool for studying and understanding the physical and chemical properties of a solid material at a high spatial resolution. Recently, in situ TEM is becoming an active field of research that is directly related to materials science, nanomechanics and nanoelectronics [43] .
The core to the in situ TEM measurements is to build a sample holder through which a controlled force or field can be applied to a local region [44] . Various sample holders are being developed for various measurements. The key challenge is to quantify the applied force or field so that the measured physical properties can be understood quantitatively.
Mechanical properties
The elastic modulus of a carbon nanotube was first measured using a sample holder through which an external voltage was applied between a freestanding nanotube and a counter electrode. The force acting on the nanotube is directly proportional to the applied voltage. If we adjust the frequency of the applied voltage so that it matches the resonance frequency of the nanotube, then the nanotube would resonantly vibrate as judged from its projected image under the electron beam (Fig. 3) . The elastic modulus of the nanotube is thus received from the observed resonance frequency. This first demonstration of field-induced resonance allows a direct application of TEM in nanomechanics [45] , and it opens the field of in situ measurements in TEM.
Nanoindentation to measure the hardness of a thin film while the creation and movement of dislocations being observed simultaneously has also been illustrated [46] [47] [48] [49] . In situ TEM has been applied to study the deformation mechanism of nanocrystalline metallic thin films [50, 51] and is an exciting approach toward nanomechanics.
Plastic deformation is an important mechanical property of engineering materials. The deformation behavior of a single-crystalline nanowire, for example, was investigated by in situ TEM. Due to the complex geometry of the scattered nanowires on a TEM grid and the curl broken supporting thin film on the grid, many nanowires can be bent or stretched as the supporting films are being stretched, using which the plastic deformation behavior of a nanowire is studied. As for SiC nanowires, an unusually largestrain plasticity of ceramic SiC nanowires at temperatures close to room temperature was directly observed [52] . The continuous plasticity of the SiC nanowires is accompanied by a process of increased dislocation density at an early stage, followed by an obvious lattice distortion, and finally reaches an entire structure amorphization at the most strained region of the NW. Super high plastic deformation was also observed for Si nanowires [53] and SiO 2 nanowires [54] .
Electric transport properties
Measuring electric transport properties of a nanotube/nanowire is important for understanding its electrical characteristics. It is usually done using the two-point or four-point contact methods, in which the contacting electrodes are fabricated using lithography, and the nanotube is laid down in between the electrodes. In situ property measurement gives the opportunity to directly correlate the observed electric property with the structure of the nanotube. The measurement was first done using a modified specimen holder, in which a carbon nanotube is in contact with a soft metal, such as a tiny mercury droplet (Fig. 4) [42, 55] , so that a voltage can be applied. More significantly, all powerful functions of TEM including the atomic scale highresolution imaging and spatially resolved chemical composition analysis using EDS and EELS could be particularly conducted on the strained region being tested or positions at which the electrons are being transported.
Chemical processes and environmental properties
Environmental electron microscopy is experiencing a rapid development in recent years because there is a strong interest to directly study the sample at conditions under which it will be used in a practical surface or in catalytic processes. Instead of deriving the surface information under vacuum condition, it is vitally important to understand the realistic surface processes in a liquid or a gas environment [56] [57] [58] [59] . Such studies are important for directly visualizing the growth process of a carbon nanotube, nanoparticle or nanowire in a gas or a liquid environment [60] [61] [62] , providing an in-depth understanding about the surface physical and chemistry processes. Environmental microscopy will be an important direction of electron microscopy.
Direct observation of the location, state and function of a promoter in heterogeneous catalysis is critical in understanding the surface processes in catalysis. Figure 5 shows the high-resolution TEM image Cu nanocrystals supported on a ZnO substrate at a pressure of 1.5 and 5.0 mbar in a composed gas environment and at T = 220°C [57] . The (e) Obtained in a gas mixture of H 2 (95%) and CO (5%) at a total pressure of 5 mbar at 220°C (from [57] ). particle shapes can be identified through the lattice images observed directly. For face-centered cubic (fcc) structured metals, the surfaces of the particles can be described by the Wulff construction with the inclusion of {111}, {100} and {110} types facets. The proportions of the {100} and {110} are significant at 1.5 mbar pressure, while these faces are greatly reduced after the pressure increases to 5 mbar. The change in the crystal facets surrounding the particles significantly affects their catalytic behavior.
Electro-mechanical coupled properties
A TEM equipped with a piezo-driven stage allows manipulating the specimen at a nanometer scale. Conductive electrodes can be embedded in the piezo-driven TEM holder so that a mechanical straining can be applied while the electrical transport properties are being measured. The first beautiful demonstration of coupling mechanical straining with electrical transport measurement was done for a Au contact, by revealing the quantum transport along the atom chains as the chain width decreases column by column [63, 64] . One-dimensional nanomaterials are the ideal samples for illustrating electromechanical coupled process by measuring the transport property when a mechanical strain is applied, such as nanotubes [65] [66] [67] and nanowires [68] .
Electrochemical properties
Studying electrochemical process is fundamentally important for understanding the charging and discharging processes for energy storage. Direct visualization of the structural transformation as ions being transported can provide quantitative information about the diffusion of ions and a better understanding of the life time of batteries. Recently, Huang et al. [69] reported the creation of a nanoscale electrochemical device inside a TEM-consisting of a single tin dioxide (SnO 2 ) nanowire anode, an ionic liquid electrolyte and a bulk lithium cobalt dioxide (LiCoO 2 ) cathode-and the in situ observation of the lithiation of the SnO 2 nanowire during electrochemical charging (Fig. 6) . Upon charging, a reaction front propagated progressively along the nanowire, causing the nanowire to swell, elongate and spiral. The creation of dislocation cloud in the nanowire indicates large in-plane misfit stress which is a structural precursor to electrochemically driven solid-state amorphization. Such an ionic transport has also been studied for ionic conductors such as Ag 2 S [70] . Electric-field-driven oxygen diffusion in CeO 2 has been directly correlated to the formation of superlattices as a result of forming ordered vacancies [71] .
Magnetic properties
Studying the magnetic properties of nanomaterials in TEM is challenged by the presence of a magnetic field at the vicinity of the objective lens. By creating a magnetic field-free environment with the use of Lorentz lens with the scarification of magnification and possibly image resolution, the dynamic magnetic properties of a thin film can be studied by creating a local field using tiny coils built around the sample [72] . Such study can reveal the domain width as well as switching speed of the magnetic domain for exploring the limit of magnetic data storage. The current-induced motion of vortices in superconductors and polarons in manganites with colossal magnetoresistance effects has also been studied in situ [73] .
Electron holography is a powerful tool for imaging magnetic lines in superconducting materials [74] . It is a technique for directly revealing the phase information of the electron wave after interacting with the specimen, and thus can be used to image the ferroelectric domain boundary and magnetic domains.
Photon excitation properties
Photon-induced phase transformation is of great interest in studying photon-matter interaction. Such a process was studied by an ex situ technique for revealing the shape transformation and melting of metallic nanoparticles and nanorods [75] . It would be another application of in situ TEM if photon excitation can be directly guided to the sample. A number of interesting photon-stimulated processes at metal-semiconductor and semiconductor p-n junctions can be studied by controlling the incident light energy, power and pulses.
Summary
A future TEM is a comprehensive machine that is capable of providing picosecond time-resolved information at picometer-scale spatial resolution. At the same time, physical and chemical properties can be measured from a region as small as a few nanometers by introducing local electric, mechanical, thermal, magnetic and/or photon stimulations/ excitations. Studying surface chemical processes at ambient conditions will be an important area for electron microscopy. Furthermore, the introduction of cryostage will allow the above techniques to be applied to biological samples. It is anticipated that nanoscopy and picoscopy will greatly impact materials science, biology, physics and chemistry. It will be a key tool in picoscale science and nanoscale technology.
The major limitations on fulfilling the proposed tasks may include the following factors. The brightness of the electron source and the current density may limit the time resolution to be achieved. The limited space around the specimen area could limit the implementation of several excitation fields for physical property measurements. The introduction of environmental cell could restrict the application of other in situ measurement techniques due to restriction of space and the preservation of vacuum. With the development of technology, we are optimistic that better solutions will be found to solve these problems.
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